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Central axis depth dose curves and dose profiles of 6-21 MeV Primus electron
beams were measured for a 40x40 cm field and simulated in EGS4 in work
presented at the First McGill International Workshop in 2004.

Those Monte Carlo treatment head and water phantom simulations have now been
replicated with EGSnrc and the Geant4 Simulation Toolkit (version 8.2.p01).

In each case, as with the original EGS4 simulation, source and geometry have been
adjusted to best match simulation results to measurement.

Geant4 simulations were also shown for case of using the exact same source and
geometry parameters used in the EGSnrc simulations.

Work supported in part by the U.S. Department of Energy under contract number DE-AC02-76SF00515
and NIH RO1 CA104777-01A2.



Unintended Additional Experiment

The results presented here today are more preliminary than we had hoped,
due to an unintended additional experiment that occurred in the middle of our work.
So let me briefly describe that experiment first.

Moving from left to right in our current fr had the cogmbination of two objects

Moving from the in plane to out of plane

axis, we had a smatler object

Physicist CAT

cycle

» Aresulting inelastic collision resulted in motion both up and to the right of bf.

 We were unable to precisely measure either the mass energy of CAT

or the kinetic energy of Physicist . black

but the following basic observations were made:
— Cat was able to move away

— Physicist was carried away
— Monte Carlo Time of Physicist was substantially reduced
bf
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Previous Related Publication

Presented here in Montreal in 2004, Phys. Med. Biol. 50 (2005) 741-753.
Described experiment and simulation using EGSA4.

INSTITUTE OF PHYSICS PUBLISHING Pervsics v MEDcivg axp BroLocy
Showed that Source and geometry Phys. Med. Biol. 50 (2003%) 1-13 PIL: 50031-9155(05)85605-2
parameters can be chosen so that
EGSA4 results match dose
distributions nicely, except in Monte Carlo simulation of large electron fields
bremsstrahlung tail, where dose
underestimated. B Faddegon', E Schreiber? and X Ding’
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Preliminary results demonstrated that e ncsony Sy 400 N Cot A 1350 G NC 2757, USA
the (at that time) recent code,
EGSnrc, provided a better match to
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measurement Published DD MMM 2005

(electron transport included more o e e

accurate multiple scattering). Abstract

We W|” ShOW ﬁnal VerSion Of those Accurate simulation of large electron fields may lead to improved accuracy
in Monte Carlo treatment planning while simplifying the commissioning

EGSnrc rESUItS. procedure. We have used measurements made with wide-open jaws and

no electron apphcamr to ad_]ust 51mulat1011 parametera Central axis depth
red in this

Helpful to use more than one Monte Carlo code to valldate process of using MC . including

f f th
simulation along with source and geometry adjustment to determine fluence Parameter
and to help assess accuracy of calculated fluence. S

demonstrate that the EGS4 ‘vIome Carlo system is capable ef matching dose
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Experimental Objective

E Gy measur ements
Objective: Use large-field

measurements to validate and
compare Monte Carlo codes for
E D treatment head ssmulation -

K 40x40 jaws!! = EGSnrc and Geant4.8

BEAM
A

_ e Source and geometry not known
No Applicator!!  \wel| enough for benchmark

 Accuracy about 2%/2mm

MCRTP
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Experimental Measurements

See the paper for full details on the
experimental setup.

—  Phys. Med. Biol. 50 (2005) 741-753.

Siemens Primus using all energies:
6, 9, 12, 15, 18, 21 MeV
— Output (dose per monitor unit) measurements
done according to AAPM TG-51
Diode and Roos for PDD

— Diode for d,,,, profiles

— Thimble ion chamber for R, profiles e —

— Roos vs dose to air for MCRTP,

dose to water (TG-21 stopping power ratios)
for DOSXYZnrc

_ ROOS Siov-v Scal‘l, aﬁer Water WaVES dle dov.vn ..................................................................................................
— Background defined on CU500E electrometer
— Foil and chamber position from digital pictures

No Applicator!!
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Measurements and Tweaking

« Starting point of simulation geometry used
manufacturer’s specs or actual measurements.

 Foil thicknesses come from manufacturer with some
tolerance which we don't know.

 Then adjusted various parameters, based on
knowledge of what parts can move relative to what.
— Did not exceed sense of what could reasonably be the
actual positions.
Matching measurement for all beam energies
restricted the range of geometry parameters.

— The beams shared the same exit window, secondary
scattering foil, monitor chamber and secondary
collimators, so the geometry and position of these
components had to be the same in all cases.

— The thickness of the primary scattering foil had to be the
same for the 3 highest energies.
« EGSnrc work involved 30-50 iterations of adjusting
geometry and source parameters.
— Some adjustments could still be done, but remaining

mismatches are at extreme edges of field so not of
clinical importance.
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EGS4 Results (shown N 2004)
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Results: EGSnrc vs Measuremen

EGSnrc gets to 100 HJ' q'." . | | L

2%/2mm agreement

with measurement — Diode i
inside useful field e Parallel-plate
5%/5mm in 80 F& . — EGSnrc
penumbra and o

beyond

bremsstrahlung
(D/D,) matched to
better than 5%

Better match to
diode than parallel
plate in build-up
region.

Diode over-
responds in the
brems region

Depth (cm)

30 May 2007 J. Perl Geant4 EGSnrc Large Field Comparison



EGSnrc Results (most recent)
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Results: Geant4 vs Measuremen

Geant4 gets to

100

3%/2mm agreement
with measurement

inside useful field

6%/6mm in
penumbra and
beyond

bremsstrahlung
(D./D,) high by
about 6%, but we
are not finished
tweaking

Better match to
parallel plate than
diode in build-up
region.
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Results Geant4 VS I\/Ieasurement
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Geant4 Version: 8.2.p01

No modifications were made to the Geant4 source.

Materials were taken from NIST definitions built into Geant4.

This feature added in Geant4.7.1 helps assure that accepted standard NIST definitions
are used for materials.

The only non-NIST materials were the Stainless Steel and the beam vacuum.

Scored on a 60cm x 60cm x 15cm water target treated as 200 x 200 x 75 voxels
each of size 3x3x2 mm.

Made use of the new nested parameterization feature added in Geant4.8.0 and discussed
in Makoto Asai's talk yesterday.

The earlier, 3D parameterization technique in Geant4 causes this example to require over
1GB of memory due to the large number of voxels in the target (3 million).

The new Nested Parameterization gets this down to about a 25M executable.

Geant4 Scoring was simplified by using the new Geant4 MultiFunctionalDetector and
PrimitiveScorers.

This new feature added in Geant4.8.0 eliminates the need for the user to define their own
detector sensitivity classes for standard scoring application such as are most common in
medical physics.

See Geant4 example REO2.

30 May 2007 J. Perl Geant4 EGSnrc Large Field Comparison 13



Geant4 Geometry

Initially set up according to same schematic as EGSnrc.

a6 omwidth square)

Electron spectrum,
2 mum FWHM
Gaussian focal

Energy 0 ) 12 15 18 21
Mean energy 6.77 086 12.52 16.11 18.83 21.79
IF direction cosine 0.003 0.002 0.0 0.007 0002 -0.001
CP direction cosing 00K 0003 00K 0003 00K 0003
Foil thickness change e e e e 3% %%

spot, angled bea

4

Ti
water
Ti

Adr (06 cm width square)

#1 foil ({6 cm width square)

air (3.5 cm radius)

Axis at (IP.CP)

= (-0.02,0.006) Al
| Al
Axis at(IP,.CR) 55 :
= (=00.22,0.016) e
e

=

~

A EaptoniAu foils of air-filled ion chamber

Water surface, score dose in 5x3x2 mn
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Energy spectra from Parmella, shifted to mean energy
Spot shape Gaussian: FWHM of 0.2 cm, or sigma of 0085 cm.
Foil shift (IF CE ) (0.02 cm, -0.0046 cm)
Maonitor chamber shift (IP,CP ) (0.22 cm, 00006 cm)

Fatient coordinates (PC) and beam coordinates (BC). .
BEAM (BC)_and MCRETP (PC) coordinates: (IP,CP H(-yBCxBC (PO vEC)
Creant coordinates: (IP,CP s BCABCFGECAEC)

Secondary collimators (Y -Jaw and X-MLC) are composed of tungsten. Lateral transport
limited to 1o cm widih sguare, from downstream surface of ion chamber to downstream
surface of X-MLC (3536 cm). Lateral transport limited to 20 cm o width square from
downstream of X-MLC (3536 cm) to 40 cm, 30 cm width square to [socenter at 99.54
cm from source, Jg, at water surface.

Collimator

Coordinate
in direction
of motion

Zof

surface

LpSIretn

region

Range of open

Zof

downstream

surface

region

Range of open

Jaw

IF

19.27

-3.994

3840

27.07

-3.576

3.3060

MLC

CF

2780

=5.632

5.052

35.30

-7.104

7164

Materials:

AL pure aluminum, density 2099 giom3

*  H20, density LMK giem3, H and O in 2:1 ratio v number

* Al density 1.205e-03 giom3, C, N, O, Ar in proportion of 0000124, 0.756, 0.232,
L0128 by weight

W, pure ungsten, density 193 gloma

* A, pure gold, density 1932 glom3

*  TL pure titanium, density 4.34 gioma

*  Stainless steel, density 8.00 giom3, C, 51 Cr, Mn, Fe, Ni, in proportion of 0,001,
0T, 018, 000, 0.712, 0009 by weight
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Geant4 Geometry

» Checked using Geant4 visualization output through HepRApp graphical browser.

HepRApp Data Browser (version 3.15.0)
File Options Window Help
e O e Y 0 B
ense G4Data5.heprep.gz [ (S XS]
¥ [v] http:/ fgeant4.slac.stanford .edu/builds /jperl;
[¥] Detector Geometry
[v] BeamAssembly
[v] Beamassembly and SubTypes[0)
[v] BeamAssembly[D]
[v] BeamWindow
[v] BeamWindow and SubTypes
[v] BeamWindow[0]
[v¥] Water
[¥] PrimaryFoll
[¥l Culled parent of SecondaryFoil0
[¥] Culled parent of 5econdaryFoil 1
[v] Culled parent of SecondaryFoil2

[¥l Culled parent of SecondaryFollKapton
4_KAPTON [v] Monitor
= [¥] Menitor and SubTypes(0]
SecFollKaptonLog [v] Monitor[0]

[v] MonitorAir
[v] Monitorair and SubTypes{0]
[l Monitorair[0]
[¥] MoniterLayer0
[¥] MonitorLayerl
- [¥] MonitorLayerl and St
[v] MonitorLayer1[0]
[¥l MonitorLayer1Ka
[v] MonitorLayerl
[¥] MonitorLayer2
[¥] MonitorLayer2 and St
[v] MonitorLayer2[0]
[¥l MonitorLayer2Ka
[¥] MonitorLayer2
[¥] MonitorLayer3
[¥] MonitorLayer3 and St
[¥] MonitorLayer3[0]
[¥l MonitorLayer3Ka
[¥] MonitorLayer3
[¥] MonitorLayerd
[¥] Culled parent of JawNeg
[v] Culled parent of JawPos
[v] Culled parent of MLCNeg
[¥l Culled parent of MLCPos
[v] Target
[v] Target[0]
[v] Event Data




Geant4 Geometry - Close Up

cking that placements are as intended
ersion 3.15.0)

HepRApp's measuring tool is helpful for che
HepRApp Data Browser (ve

°
File Options Window Help
Zm O e ¥ 0O B
aeee G4Datal.heprep.gz

G4_KAPTON
Se cFollKaptonLog

0.506056 MeV

G4_KAPTON

StainlessSteel




Geant4 Geometry

100 Histories - Red e+, Blue e-, Green Gamma
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Geant4 Geometry

100 Histories - Red e+, Blue e-, Green Gamma
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Geant4 Physics Lists

Because Geant4 is a general purpose tool designed to simulate almost any
physics, the user must specify a specific list of what physics processes are to be
simulated for what particle types for their specific application. This is done by
constructing a Geant4 class called a physics list.

For our application, we took the lists from one of the standard Geant4
electromagnetic examples, TestEM7.

For most of our work, we used the list that TestEM7 calls PhysListEmStandard.
It included the following physics:

e Gamma: Muon
— PhotoElectricEffect hMulticleScatter
. — [ rn
— ComptonScattering N I_Oe .ca ering
: — Mulonisation
— GammaConversion
Elect — MuBremsstrahlung
eCI\ZIOIrz' leScatteri — MuPairProduction
— ultipleScatterin
Pes J  Alphaorlon
— elonisation hMultibleScatteri
— eBremsstrahlung - hviultiplescatiering
: — lonlonisation
 Positron :
: . » All others charged particles except
— MultipleScattering :
L geantino
— elonisation . :
— hMultipleScattering
— eBremsstrahlung L
— hlonisation

— eplusAnnihilation
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ra B layaYd f\nhf\;'F\l ~ IIF ™
T UoStl SpClLlly a

— Threshold for secondary production.
This is a balancing act:
— need to go low enough to get the physics you're interested in
— can't go too low because some processes have infrared divergence causing CPU time to
skyrocket
The traditional Monte Carlo solution is to impose an absolute cutoff in energy
— particles are stopped when this energy is reached
— remaining energy is dumped at that point

In Geant4, this threshold is a distance, not an energy
— the primary particle loses energy by producing secondary electrons or gammas

— if primary no longer has enough energy to produce secondaries which travel at least the
specified (range cut) distance, two things happen:

» discrete energy loss ceases (no more secondaries produced)
» the primary is tracked down to zero energy using continuous energy loss

Applies only to particles that have infrared divergence.

30 May 2007 J. Perl Geant4 EGSnrc Large Field Comparison 20



Effect of Range Cuts

 We used both "default" range cut, 1mm, and some tighter range cuts.
 We set same range cut for e+, e- and gamma,

though Geant4 allows one to set different cuts for different particles.

» Effect of Physics List choice and Range Cut choice on processing time:

« Effect of physics list choice and range cut choice on match to experiment:

Normalizing to speed for EM Standard with 1.0 mm range cut (at 12 MeV),

EM Standard Range Cut 1.0 mm: 1.0
EM Standard Range Cut 0.1 mm:  1.05x
EM Standard Range Cut 0.01 mm: 1.4Xx
EM Standard Range Cut 1 micron: 3.6 X
EM Low Energy Range Cut 1.0 mm: 1.7 X
EM Low Energy Range Cut 1 micron: 19. X

Standard physics with range cut 1mm:
» electron scatter is fine
e but minor problem in Brems.
Can fix this by going to either:
» standard physics list with Imicron range cut (maybe just need in primary foil)
» orlow energy physics and keep 1mm range cut

30 May 2007 J. Perl Geant4 EGSnrc Large Field Comparison

21



Vﬁf\hf\f\lnﬂ \ Y ¥V aYa

rfOCessing was aone o
Redhat 4.
We ran 50M histories for each of six energies for a total of 300M histories.

— Same number of histories that was used for the comparable EGS4 and EGSnrc studies.
For each energy, the work was split into 10, 20 or 30 separate jobs so that each
job would run in about one day.

The same binary was used for all jobs. Difference was only that each job ran with
a different Geant4 macro specifying:

— beam spectrum (different for each of six Primus setups of MeV 6, 9, 12, 15, 18 and 21)

— beam direction (different for each of six Primus setups)

— primary foil material

— primary foil thickness

— starting random number seed (MTwist engine)

2
]
3

N N Nn N
ANVILD UPLCITUIT PDIULLEOSOSEIT S IUIIIIIIIU nux

e
— number of histories

30 May 2007 J. Perl Geant4 EGSnrc Large Field Comparison 22



0 have accesstoa 120 p
run all of the jobs in parallel, enabling one day turnaround for the entire set of jobs
(for a given choice of physics list and range cut except for the most time-

consuming combination of Low Energy physics list with 1 micron range cut).
Given the availability of this resource, we ran with no variance reduction
techniques.

— (This will be a useful baseline for future validations of such techniques).

Geant4.8.2.p01 was run exactly as it comes from Geant4 - no modifications.
Parallelization was straightforward.

Only caveat is to make sure not to enable Geant4's feature that writes the current
random number out at each event. Doing so with 120 processors causes a
bottleneck as each processor tries to write to the same disk at a rate of 100 events
per second for a total of 12K writes per second.

AT 1 + L RV ilA
We were fortun that we couia

IFﬂV'\A L‘\ o

£ A+ +h Ai A A
IT YOuU neea 10 save ine enaing ranaGom numoer seeaqa, GO SO On
S

e
the main run, then issue commands to turn on rando
single additional history).

al\W/iaY
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CPU Time

Jobs were compiled in 32 bit mode.

— Later tests showed a 13 % speedup if jobs were compiled in 64 bit mode, but as some jobs had already
been begun it was decided to continue all work in 32 bit to avoid an extra variable in this study.

— Additional speedups may also have been possible had we used special compiler flags for the AMD
Opteron, but none of these were used for the present study.

CPU time to produce 50M history data sets were as follows
— AMD Opteron, 1.8MHz, Redhat 4, compiled in 32-bit mode, no special compiler flag:

Standard EM, range cut 1.0 mm: e Standard EM, range cut 0.01 mm: « LowEnergy EM, range cut 1.0 mm:

—  MeVO06 150 Ksec —  MeVO06 190 Ksec - MeVO06 240 Ksec
-  MeV09 180 Ksec -  MeV09 240 Ksec —  MeVO09 290 Ksec
- MeV12, 210 Ksec - MeV12, 290 Ksec - MeV12, 350 Ksec
— MeV15 180 Ksec — MeV15 250 Ksec — MeV15 320 Ksec
- MeV18 230 Ksec - MeV18 330 Ksec - MeVi18 420 Ksec
- MeV21 290 Ksec - MeV21 420 Ksec - MeV21 510 Ksec
Standard EM, range cut 0.1 mm: e Standard EM, range cut 1 micron: e LowEnergy EM, range cut 1 micron:
—  MeVO06 160 Ksec —  MeVO06 460 Ksec — MeVO06 2,160 Ksec
-  MeV09 190 Ksec -  MeV09 600 Ksec -  MeV09 3,000 Ksec
- MeV12 220 Ksec - MeV12 760 Ksec - MeV12 3,920 Ksec
— MeV15 190 Ksec — MeV15 660 Ksec — MeV15 3,300 Ksec
- MeV18 250 Ksec - MeV18 920 Ksec — MeV18 4,800 Ksec
- MeV21 310 Ksec - MeV21 1,180 Ksec - MeV21 6,300 Ksec

Comparable EGSnrc jobs, ~12 hrs = 43 Ksec
— So Geant4 here slower by factor of 4 for Standard 1.0mm, more for other physics lists or range cuts
— Comparison very rough (not same machine, includes DOSExyz?), Geant4 tuning still very preliminary
Not clear yet which range cut value really needed. Study still in progress.
— Probably only need fine range cut in region of primary scattering foil.



3

EGSnrc study.

It should be noted the source and geometry had been specifically tuned to give
best results in the EGSnrc study.

Subsequent rounds of Geant4 jobs were done with source and geometry adjusted
to give better results.

Number of iterations for this tuning was somewhat limited due to constraints on
physicist time (see slide 1 on bf-cat inelastic collision).

Thus far, we have had considerably fewer iterations than had been done for the
EGSnrc result shown here (but Geant4 tuning had benefit of being able to start
from the EGSnrc values).

30 May 2007 J. Perl Geant4 EGSnrc Large Field Comparison 25



s Used for EGSnrc Simulation
Gaussian focal spot FWHM 0.2cm
Primary foil and foil ring inplane lateral shift 0.02 cm
Primary foil and foil ring crossplane lateral shift -0.006 cm
Monitor chamber inplane lateral shift 0.22 cm
Monitor chamber crossplane lateral shift -0.016 cm

e Used for Geant4 Simulation

Gaussian focal spot FWHM no change
Beam window thickness 3 % thicker
Foil and foil ring inplane lateral shift no change
Foil and foil ring crossplane lateral shift no change
Distance from primary foil to secondary foil -0.1cm

Monitor chamber inplane lateral shift no change
Monitor chamber crossplane lateral shift no change
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|l lead
UStcu

— Energy spectra from Parmella, shifted to mean energy
— 15 MeV, 18 Mev and 21 MeV used the same foil

weaking Energy-Dependent Params

Nominal energy 6 MeV 9 MeV 12 MeV | 15MeV | 18 MeV | 21 MeV
Mean energy (MeV) 6.77 9.86 12.52 16.11 18.83 21.79
Inplane direction cosine 0.005 0.003 0.001 0.008 0.003 0.000
Crossplane direction cosine 0.003 0.003 0.003 0.003 0.003 0.003
Primary foil thickness change | 0% 0% -8% -71% -T1% -T1%

Used for Geant4 Simulation

— blank means no change from above

Nominal energy 6 MeV 9 MeV 12 MeV | 15MeV | 18 MeV | 21 MeV
Mean energy (MeV)
Inplane direction cosine 0.003 0.002 0.000 0.007 0.002 -0.001
Crossplane direction cosine
Primary foil thickness change | 0% 13% 2% -1% 3% 3%
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Results: G

Monte Carlo
simulation and
measurement
match to 2%/2mm

Mismatch between
parallel-plate and
diode under
investigation

EGSnrc agrees
best with diode

Geant4 agrees
best with parallel-
plate
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Comparison of d_... Profiles

Max
- "II.“EEIELII'E!d | | | | | | | 7 .
110—— EGSnrc _|e Measqrement.
— - — Geant4.8 (as EGS) i black lines
) - ] N
% 100 - Geant4 (adjusted) 1. EGSnre
% or N matches
5 8o i | measurement
%S 110 —e  Geant4 differs
£ 100 | N from EGSnrc
,E_ i 4 with same
5 T |  parameters by
5 80 | | 4%/4mm
n- B —
*-EJ-; 110 - .
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90 B 1.3 cm depth N
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Dose (Dmax normalized to 100%)
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Geant4 result
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Conclusions Reported at McGilll

Established match to large-field measurements for 6-21 MeV electron beams with
2 Monte Carlo codes.

EGSnrc matched to 2%/2mm in treatment part of beam, 5%/5mm outside, x-ray
dose relative electron dose to better than 5%.

Geant4 matched to 3%/2mm in treatment part of beam, 6%/6mm outside, x-ray
dose relative to electron dose overestimated by 6%.

Required modest differences in source and geometry parameters. Difference in
calculated dose distributions is of modest clinical significance (4%/4mm).

Geant4 Results are Preliminary
— Input of source and geometry details is not trivial in any code.
— We need to make sure we did all of this correctly one more time!
— That s, the results are subject to change after further intense scrutiny.
— Look for publications!
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Help Wanted for this Study!

What Geant4 parameters should we try in release 4.9.0?

30 May 2007 J. Perl Geant4 EGSnrc Large Field Comparison
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View from Outside the EM Group

. Tremendous improvements over the past two years,
— But lousy communications about these improvements.
— Time now for really good communication with users.

If documented wrong, view from outside is that Geant4 is fluctuating wildly.

If documented right, view will become that Geant4 is responding rapidly to user issues,
proving both willingness and great architecture

NEED a page that summarizes MS evolution from 7.1 to 9.0, release by release.

. | said in my Geant4 Med Phys overview that top order of priorities was:
1. Accuracy - with stability against step size and range cut variation
2. Clarity - guidance on which physics options (processes, data libraries,
step sizes, range cuts)
3. Speed
. For e and gamma , | would actually now say reverse order of 1 and 2:
1. Clarity - guidance on which physics options (processes, data libraries,
step sizes, range cuts)
2. Accuracy - with stability against step size and range cut variation
3. Speed

For hadron therapy, still Accuracy first, since the neutron issues are still primary.
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Collaboration between

user aroup AnA (Caonant/
uscCi yroup aiiu scdalila

 From Gunter’s talk on Saturday

User input
— Identify requirements
— Provide feedback on quality of simulation
— Evaluate possible alternative options

Geant4 developers provide experience/knowledge
— Physics performance of specific processes/models
— Evolution of physics modeling and cross sections
— Available new options

—ad F ) s S T I PR R [ [ F R e e e S |

rlzod=r Bridegz
« G4EMU/G4ANAMU/Japan should sponsor:
— Geant4 Medical Physics List Task Force
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